Dethiosulfatarculus sandiegensis gen. nov., sp. nov., isolated from a methanogenic paraffindegrading enrichment culture and emended description of the family Desulfarculaceae
, was isolated from a methanogenic consortium capable of degrading long-chain paraffins. Cells were motile, vibrio-shaped, and occurred singly, in pairs or in clusters. Strain SPR T did not metabolize hydrocarbons but grew fermentatively on pyruvate and oxaloacetate and autotrophically with H 2 and CO 2 . Thiosulfate served as a terminal electron acceptor, but sulfate or sulfite did not. The organism required at least 10 g NaCl l 21 and a small amount of yeast extract (0.001%) for growth. Optimal growth was observed between 30 and 37 8C and a pH range from 6.0 to 7.2.The DNA G+C content of SPR T 's genome was 52.02 mol%. Based on 16S rRNA gene sequence analysis, strain SPR T was distinct from previously described Deltaproteobacteria, exhibiting the closest affiliation to The capacity of microorganisms to degrade a broad range of n-alkanes and crude oils under methanogenic conditions has been repeatedly reported (Anderson & Lovley, 2000; Embree et al., 2014; Foght, 2008; Gieg et al., 2008; Gray et al., 2011; Siddique et al., 2006 Siddique et al., , 2011 Townsend et al., 2003; Zengler et al., 1999) , and the underlying mechanisms have been the subject of intense investigation. The requisite metabolic routes minimally involve syntrophic associations between bacteria capable of n-alkane activation and methanogenic archaea that consume acetate and/or hydrogen produced during the course of hydrocarbon decay. A methanogenic consortium (referred to as SDB) was enriched for its ability to metabolize long-chain n-paraffins (Callaghan et al., 2010) . As methanogenic archaea are not known to metabolize alkanes, and metagenomic analysis of the SDB consortium implicates members of deltaproteobacterial lineages in this activity (our unpublished data), efforts were made to isolate the consortium members, with the goal of identifying the organism(s) responsible for paraffin activation. Ultimately, these efforts resulted in the isolation of strain SPR T , which is phylogenetically and physiologically distinct from its most closely related genera within the Deltaproteobacteria, Desulfarculus and Desulfocarbo. Desulfarculus baarsii DSM 2075
T is a sulfate reducer with the ability to utilize fatty acids as electron donors and to grow autotrophically on formate via the Wood-Ljungdahl pathway (Jansen et al., 1984; Sun et al., 2010) . Desulfocarbo indianensis SCBM T is a sulfate reducer that is unable to reduce sulfite and is incapable of fermentative growth. Desulfocarbo indianensis SCBM T can grow heterotrophically on benzoate and a variety of monoand dicarboxylic organic acids, and autotrophically with hydrogen as the electron donor (An & Picardal, 2014) . Phylogenetic analysis revealed that the 16S rRNA gene of strain SPR T was only 91% identical to its closest Desulfarculaceae relatives, and distinctiveness was confirmed by the in silico comparison of genomic data. Strain SPR T did not metabolize n-alkanes, and unlike Desulfarculus baarsii DSM 2075
T and Desulfocarbo indianensis SCBM T , it was unable to use sulfate as a terminal electron acceptor. Based on the individual characteristics of this organism and differences with its closest relatives, we propose that strain SPR T be classified as the type strain of a novel species of a new genus affiliated with the family Desulfarculaceae.
Strain SPR
T was enriched and isolated from a methanogenic consortium that had been maintained on n-octacosane (C 28 H 58 ) in a basal reduced, sulfate-free, bicarbonatebuffered, seawater mineral medium (Widdel & Bak, 1992) . The enrichment cultivations were carried out in 25 ml serum vials containing the same medium supplemented with 0.5% yeast extract in the presence of a methanogenic, hydrogenotrophic archaeon, strain MM. Strain MM was isolated from the same long-chain-paraffindegrading, methanogenic consortium (Davidova et al., 2011) and is affiliated with the family Methanomicrobiaceae (94 % similar to Methanogenium cariaci DSM 1497 T based on the near full-length 16S rRNA gene sequence). Mixed cultures were maintained under an atmosphere of N 2 /CO 2 (80:20) and then serially diluted and inoculated onto 2% agar plates of the same medium. Opaque colonies formed in 20 days at 31 8C and were picked and regrown in the liquid medium amended with pyruvate (20 mM) in serial dilutions. The highest positive dilution (10
27
) was used as inoculum, and serial dilutions were repeated until a pure culture was obtained. Purity was initially assessed via microscopy to ensure that only one morphotype was present and by GC analysis to verify that the culture did not produce methane. This was necessary as the organism was originally cultivated as part of a methanogenic consortium. Purity was subsequently confirmed by checking for growth on lactate or glucose (as strain SPR T was unable to metabolize these substrates), by verifying that only a single 16S rRNA gene was present when the requisite PCR products were sequenced, and by analysis of genome sequencing data for the presence of additional 16S rRNA gene-containing reads. Methane was determined by GC as previously described (Gieg et al., 2008) .
Growth rates were determined in liquid cultures via measurement of the optical density at 600 nm (OD 600 ). Optimal salinity was determined using the basal medium described above with NaCl concentrations ranging between 0 and 80 g l
21
. The pH limits were tested using several organic buffers (25 mM, final concentration) including Homo-PIPES (pK a 54.75), MES (pK a 56.2), MOPSO (pK a 57.18) and HEPES (pK a 57.48). Utilization of electron donors was tested under optimal growth conditions after at least three consecutive transfers. To test the ability to utilize terminal electron acceptors, the basal mineral medium was amended with 20 mM pyruvate as an electron donor and either Na 2 SO 4 (20 mM), Na 2 S 2 O 3 (20 mM) or Na 2 SO 3 (10 mM) from sterile, concentrated, anoxic stock solutions. Sulfate and sulfite loss were monitored by ion chromatography as previously described (Caldwell et al., 1998) , while sulfur species reduction was monitored by sulfide production as previously reported (Trüper & Schlegel, 1964) . Fermentation products were detected and quantified as previously described (Davidova et al., 2012) .
Cellular DNA was isolated from cell pellets using a MO BIO PowerSoil DNA Isolation kit (MO BIO Laboratories). The 16S rRNA gene was PCR amplified with primers 27F and 1492R (Nakatsu & Marsh, 2007) for 30 cycles (1 min at 94 8C; 1 min at 46 8C; 2 min at 72 8C) with a final extension step of 10 min at 72 8C. The PCR products were purified using a Qiagen PCR purification kit (Qiagen) and cloned into the pCR-TOPO vector using a TOPO-TA cloning kit (Life Technologies) according to the manufacturer's instructions. Colonies were screened by colony PCR using the M13 priming sites. PCR products were then bi-directionally sequenced twice with primers 27F and 1492R to achieve two-fold coverage. Sequences were assembled and compared with known 16S rRNA genes via the SeqMatch function of the rRNA Database Project (Cole et al., 2014) and with GenBank via BLASTN. A complete 16S rRNA gene was later extracted from genome sequencing data and used for phylogenetic analysis. The neighbour-joining dendrogram shown in Fig. 1 was generated via MEGA6 (Tamura et al., 2013) by employing maximum composite likelihood as a distance method, and the scale bar corresponds to respective calculated distances. Bootstrap analysis was conducted by performing 10000 replicates. Maximum-likelihood and maximum-parsimony trees were also reconstructed and showed identical topologies (data not shown).
A draft genome was generated by whole genome shotgun sequencing via Illumina MiSeq technology, using 250 bp paired-end reads generated from a library with 350 bp inserts. The resulting reads were trimmed by removing adapters and only retaining sequence data with quality scores .30. The surviving paired-end reads with sequence lengths .100 bp were then assembled using CLC Genomics Workbench (CLC bio). All contigs .1000 bp were retained for annotation. Scaffolding of contigs was conducted via SSPACE (Boetzer et al., 2011) . Annotation was performed through the Rapid Annotation Subsystem Technology (RAST) pipeline (rast.nmpdr.org). Assembled sequence data have been deposited at DDBJ/EMBL/GenBank under the accession number AZAC00000000. The version described in this paper is version AZAC01000000. Digital DNA-DNA hybridization was performed using the DSMZ Genome-to-Genome Distance Calculator (Auch et al., 2010) by applying default settings of GGDC 2.0 BLAST+ and calculating confidence intervals based on bootstrap replicates. Genome sequencing reads were searched for 16S rRNA gene signatures and assembled into full-length 16S rRNA genes via EMIRGE (Miller et al., 2011) .
Cultivation efforts led to the isolation of a deltaproteobacterium hereafter referred to as strain SPR T . Cultures of strain SPR T were maintained in the basal medium with pyruvate (20 mM) as a source of energy and carbon. Cells were motile, vibrio-shaped, and occurred singly or in clusters (Fig. S1 , available in the online Supplementary Material). Spore formation was not observed.
Strain SPR
T was mesophilic and able to grow across a temperature range of 15-45 8C, with optimal growth occurring between 30 and 37 8C. Growth was observed from pH 5.8 to 8.0, with the optimum occurring between pH 6.0 and pH 7.2. Strain SPR T required at least 10 g NaCl l
21
, and growth rates were optimal at salt concentrations ranging from 30 to 60 g l
. Growth was not observed at salt concentrations $80 g l 21 . The growth rate under optimal conditions was 0.026¡0.005 h 21 .
Strain SPR
T exhibited a narrow substrate range, growing fermentatively using yeast extract (5 g l 21 ), pyruvate (20 mM) and oxaloacetate (5 mM) as substrates. The final product of pyruvate fermentation was acetate, while traces of propionate were detected. The amino acid alanine (5 mM) supported only slow growth. As the organism was isolated from a marine, paraffin-degrading enrichment, it was tested for its ability to utilize n-octacosane (C 28 H 58 ), but growth was not observed. Similarly, growth was not evident on potential n-octacosane degradation intermediates including acetate (10-20 mM), propionate (10 mM), decanoic acid (2 mM), palmitic acid (1 mM) and stearic acid (0.5 mM). Equally, strain SPR T was unable to utilize lactate (20 mM), crotonate (10 and 20 mM), citrate (10 mM), malate (20 mM), fumarate (10 mM), succinate (10 mM), leucine (5 mM), valine (5 mM), glucose (20 mM), sucrose (20 mM) 
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Pelobacter acetylenicus or fructose (20 mM) as substrates. Genomic data suggested the potential ability to metabolize phenol (Table S1 ), but growth on phenol (2 mM) was not observed.
Strain SPR T was not able to utilize sulfate (20 mM) or sulfite (10 mM) as terminal electron acceptors, yet was able to reduce thiosulfate (20 mM) with pyruvate or hydrogen as electron donors (Fig. 2) . Other tested substrates (i.e. formate, lactate, fumarate, fatty acids and crotonate) did not support thiosulfate reduction. Small amounts of yeast extract (0.001 %) improved growth rates of the strain.
Phylogenetic analysis (Fig. 1) (Table S2) . No evidence of plasmids was observed in the genome sequence data. Genes related to sporulation, photosynthesis and secondary metabolism were not detected, consistent with the genomic features of Desulfarculus baarsii DSM 2075 T . However, the genome of strain SPR T contained 100 genes annotated with functions related to flagellar production and motility and 37 genes involved in chemotaxis. These findings are consistent with the microscopically observed motility. Nitrogenase genes were not detected in the genome, contrary to the genome of Desulfarculus baarsii DSM 2075 T , which contains a nif gene cluster. The draft genome sequence of SPR T suggests a partial TCA cycle (Table S1 ) that allows for the synthesis of 2-oxoglutarate, but it lacks citrate synthase. The absence of citrate synthase, however, is probably compensated for by a homologue of the re-citrate synthase system, which was detected by BLASTX analysis. Genomic data analysis via RAST annotation and BLASTP comparison to the non-redundant database suggest the presence of many of the genes related to dissimilatory sulfate reduction (Table S1 ). Among these are genes with homology to sulfate adenylyltransferase, as well as the alpha and beta subunits of adenylylsulfate reductase and dissimilatory sulfite reductase (dsrA and dsrB). Also present are genes that potentially encode the sulfite-reductionassociated complex DsrMKJOP, as well as two of three subunit genes for a quinone-interacting membrane-bound oxidoreductase (qmoA and qmoB) that might operate as natural electron donors for cytoplasmic adenosine 59-phosphosulfate reductase (Pires et al., 2003) . Genes with homology to heterodisulfide reductase were also present. Genes associated with denitrification were not observed. Lastly, thiosulfate reductase homologues were detected in the genome, consistent with SPR T 's ability to reduce thiosulfate. Genome analysis and growth studies suggest several potential pathways for energy conservation, but the genomic data should be interpreted with caution in lieu of a detailed analysis of requisite enzyme activities.
Digital DNA-DNA hybridization (Auch et al., 2010) was performed against the genomes of Desulfatiglans anilini strain AK1 (NC_012108.1), Desulfarculus baarsii DSM 2075 T (NC_014365.1), Desulfococcus multivorans DSM 2059 T (NZ_ATHJ00000000.1) and Desulfocarbo indianensis SCBM T (NZ_LBMP00000000.1). Levels of hybridization between SPR T and these strains were 12.7-18.1, 15.5-21.3, 12.5-26 and 13-17.6 %, respectively, depending on the distance formula utilized. Genome sequences were also compared via pairwise BLASTP of all predicted protein sequences as outlined by Qin et al. (2014) . Based on this analysis, SPR shared 27.0, 46.2, 26.9 and 46.9 % of predicted proteins with Desulfatiglans anilini DSM 4660 T , Desulfarculus baarsii DSM 2075 T , Desulfococcus multivorans DSM 2059
T and Desulfocarbo indianensis SCBM T , respectively. These levels of genomic similarly place strain SPR T within at least a new genus-level taxonomic grouping based on current criteria (Kämpfer & Glaeser, 2012; Stackebrandt & Ebers, 2006) . Although strain SPR T , Desulfocarbo indianensis SCBM T and Desulfarculus baarsii DSM 2075 T share a vibroid morphology and are motile, their physio-logical, phylogenetic and genomic differences support the placement of strain SPR T as representing a novel species of a new genus within the family Desulfarculaceae.
Strain SPR
T exhibited a narrow substrate specificity. Unlike previously described members of the family Desulfarculaceae (Kuever et al., 2005) , it was unable to grow with lactate, formate, butyrate, propionate or acetate as electron donors. In accordance with nutritional observations, the genome data revealed the presence of the E1 (1.2.4.1) and E2 Dethiosulfatarculus sandiegensis gen. nov., sp. nov.
(2.3.1.12) components of a pyruvate dehydrogenase complex (Table S1 ). This enzyme converts pyruvate to acetyl-CoA, which can be used in a modified TCA cycle. The following TCA enzymes were revealed via genome analysis: aconitase hydratase (4.2.1.3), isocitrate dehydrogenase (1.1.1. 42), succinyl-CoA synthetase alpha subunit (6.2.1.5) and malate dehydrogenase (1.1.1.37). The genome lacked citrate synthase. However, it contains a re-citrate synthase that catalyses the formation of citrate from acetyl-CoA and oxaloacetate (Gottschalk & Barker, 1966; Kim et al., 2013; Li et al., 2007) . Interestingly, re-citrate synthase is oxygensensitive and thus can only be found in anaerobic organisms. Pyruvate may also be carboxylated to oxaloacetate by pyruvate carboxylase (6.4.1.1), which was detected in the genome (Table S1 ). , where it serves as a means for autotrophic growth on formate (Jansen et al., 1984; Sun et al., 2010) . Physiological studies of strain SPR T demonstrated that it can grow autotrophically with H 2 /CO 2 , but not with formate or acetate, indicating that the Wood-Ljungdahl pathway is probably used for carbon fixation by strain SPR T .
T was unable to grow with n-alkanes as electron donors, and known genes involved in anaerobic alkane activation were absent. However, the genome contained genes with high homology to phenylphosphate synthase (subunits A and B) and phenylphosphate carboxylase (alpha and beta subunits). These enzymes are implicated in the anaerobic metabolism of phenol (for a review see Fuchs, 2008) . This prompted experiments to test strain SPR T with phenol as a carbon and energy source, in both the presence and the absence of thiosulfate as an electron acceptor, but growth was not observed. These observations indicate that strain SPR T is incapable of hydrocarbon transformation under the tested conditions and probably plays an ancillary role as part of the paraffin-degrading consortium from which it was isolated.
The above data suggest that strain SPR T represents a novel species of a new genus within the family Desulfarculaceae, for which the name Dethiosulfatarculus sandiegensis gen. nov., sp. nov. is proposed.
Emended description of the family Desulfarculaceae Kuever et al. 2005 Originally described by Kuever et al. (2005) as a family comprising one genus, Desulfarculus, the properties of which served as the family description. Later Desulfocarbo indianensis SCBM T was described as representing a second genus of the order Desulfarculales (An & Picardal, 2014) . We describe here a new genus, Dethiosulfatarculus gen. nov., which is 91% identical to both Desulfarculus baarsii DSM 2075
T and Desulfocarbo indianensis SCBM T based on 16S rRNA gene sequences. These three genera form a tight phylogenetic group and share some important characteristics: they are vibrio-shaped, mesophilic chemoorganotrophs capable of autotrophic growth under certain conditions. Also, they are capable of sulfate reduction and/ or possess critical enzymes for the dissimilatory sulfate reduction pathway. However, the range of suitable electron acceptors is genus-specific. The most important characteristics of the genera Desulfarculus, Desulfocarbo and Dethiosulfatarculus that we suggest to combine within the family Desulfarculaceae are summarized in 
